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D-ribosylation induces cognitive impairment through 
RAGE-dependent astrocytic inflammation 

C Han^ ^ Y Lu^'^ '^ Y Wei*'\ B Wu^ '^ Y Liu^ and R He*'^ "^ 

Non-enzymatic glycation of proteins by reducing saccharides for instance o-glucose is an important post-translational modification 
regulating protein function. Already two centuries ago, o-glucose (Glc) was identified in the urine of diabetic patients. Recently, 
abnormally high level of o-ribose (Rib) in the urine of type 2 diabetics has been discovered, which is highly active in protein 
glycation, resulting in the production of advanced glycation end products (AGEs). Accumulation of AGEs leads to altered cellular 
function, for example AGE accumulation in the nervous system impairs cognitive ability, yet the mechanisms mediating this 
process for Rib are unknown. Here we found that treatment with Rib accelerated AGE formation in U251 and U87MG astrocytoma 
cells and in mouse brain, inducing upregulation of receptor for AGEs (RAGE). Astrocytoma cells with elevated levels of RAGE 
displayed enhanced activity of the proinflammatory nuclear transcription factor kappaB and increased expression of tumor 
necrosis factor alpha and glial fibrillary acidic protein. Moreover, injection of Rib induced astrocyte activation in mouse 
hippocampus and impaired spatial learning and memory abilities. These results indicate that mouse spatial cognitive impairment 
caused by Rib-derived AGEs is correlated with activation of an astrocyte-mediated, RAGE-dependent inflammatory response. This 
study may provide insights into the mechanism of Rib-involved cognitive impairments and diabetic encephalopathy. 
Cell Death and Disease (2014) 5, e1117; doi:10.1038/cddis.2014.89; published online 13 March 2014 
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Non-enzynnatic glycation of proteins by reducing saccharides 
is a post-translational modification that leads to the formation 
of advanced glycation end products (AGEs), which accumu- 
late during aging and are involved in the pathogenesis of 
many diseases, such as neurodegeneration and diabetes.'' 
Since 1815, o-glucose (Glc) has been discovered to be 
responsible for the sweetness in the urine of diabetics.^ 
Diabetes mellitus (DM) is considered as a group of metabolic 
diseases characterized by the high concentration of blood 
Glc, which is related with its complications such as diabetic 
encephalopathy. However, o-ribose (Rib), another important 
reducing monosaccharide rich in human body, involved in DM 
is neglected, while Glc has been best studied for its role in 
protein glycation and diabetic complications. 

The roles of Rib in glycation and its resulting effects in vitro 
and in vivo have drawn increased attention in recent years.^ 
Whereas o-glucose has been found in the urine of type 1 
diabetes patients, o-ribose has been found to have an 
abnormally high concentration in the urine of type 2 diabetics,"^ 
suggesting that the diabetic patients are not only suffered from 
Glc metabolism disorders but may also from Rib metabolism 
disorders. Intraperitoneal injection of Rib into mice significantly 
increases their glycated serum protein and blood AGEs, 
although the concentration of Glc became slightly decreased. 



indicating that Rib can more easily induce AGEs than Glc 
in vivo.^ Therefore, it is necessary to compare the effects of 
ribosylation on AGE-induced inflammation with those of 
glucosylation. 

Rib is present in all cells and is a key component of many 
important biomolecules.^'^ However, as a reducing monosac- 
charide. Rib has the ability to react with proteins and produce 
glycated derivatives. In fact previous studies from our laboratory 
have demonstrated that Rib glycates proteins and gives rise to 
AGEs more rapidly than Glc in vitroJ~^ and that Rib enhances 
the level of AGEs in cultured human kidney 293 (HEK293T) 
cells, human neuroblastoma SH-SY5Y cells, and primary 
cultured hippocampal neurons, leading to reduced cell viability. 
Moreover, the administration of Rib over a relatively long 
period leads to high yields of AGEs in the mouse brain and is 
accompanied by impaired learning and memory. ""^ However, 
the mechanism by which Rib-induced AGEs act on cells and 
lead to spatial cognitive impairment is hitherto unknown. 

Studies on the pathological mechanisms of glycation- 
related diseases for instance DM have shown that 
AGEs can induce cellular effects through interacting with 
specific cellular receptors.^'' Receptor for AGEs (RAGE) is a 
well-characterized transmembrane protein expressed on the 
surface of a variety of cells, including neurons, microglia, and 
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astrocytes. RAGE is an important signal transduction receptor 
activating an array of signal transduction cascades in 
response to AGE binding. In present study, we report that 
Rib accelerated AGE formation both in U251 and U87MG 
astrocytoma cells and in mouse brain, and induced a 
corresponding upregulation of RAGE. Astrocytoma cells with 
elevated levels of RAGE were found to activate proinflammatory 
nuclear transcription factor kappaB (NF-k:B) and stimulate the 
expression of tumor necrosis factor alpha (TNF-a) and glial 
fibrillary acidic protein (GFAP). Moreover, Rib induced 
astrocyte activation in mouse hippocampus and impaired 
spatial learning and memory ability. These results suggest 
that mouse spatial cognitive impairment caused by Rib- 
derived AGEs is correlated with the activation of an astrocyte- 
mediated, RAGE-dependent inflammatory response. 

Results 

Rib leads to high yield of AGEs and upregulates RAGE 
expression of astrocytoma cells. Rib reacts rapidly with 
proteins and produces significant amounts of AGEs in 
SH-SY5Y human neuroblastoma cells and HEK293T cells. 



much more than Glc.^° To investigate the ribosylation of 
astrocytic proteins, two astrocytoma cell lines U251 and 
U87MG were separately treated with 5, 10 and 20 mM Rib. 
After 2 days treatment, an increase in AGEs was observed in 
both cell lines when compared with the untreated control 
group (Figures 1a and b). The increase was significant in the 
presence of 10 and 20 mM Rib, showing that changes in 
AGEs were dependent upon the concentration of Rib used 
(Figures 1c and d). Under the same experimental conditions, 
no significant change in AGEs could be observed with 
Glc-treated cells. These data demonstrate that compared 
with Glc, Rib glycates protein faster and accelerates AGE 
formation in astrocytoma cells. 

To elucidate whether RAGE responded to the increase of 
AGEs from ribosylation, western blotting was used to detect 
cellular levels of RAGE under the experimental conditions. As 
shown in Figures la and b, RAGE was upregulated in the 
presence of Rib in parallel with the cellular accumulation of 
AGEs while Glc-treated cells were not (Figures 1e and f). 
These results indicate that the elevation of cellular AGEs 
caused by ribosylation promotes RAGE expression in astro- 
cytoma cells, but not glucosylation. 
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Figure 1 Elevation of AGEs and RAGE in astrocytoma cells in the presence of Rib. U251 cells (a) and U87MG cells (b) were treated with 5 mM, 10 mM and 20 mM Rib and 
20 mM Glc, respectively, as indicated for 2 days. Untreated cells were used as controls. AGEs were detected with an anti-AGEs 6D12 monoclonal antibody, and the expression 
of RAGE was measured with an anti-RAGE H-300 rabbit polyclonal antibody. p-M\n was used as a loading control. Quantification results were shown in c-f, respectively. The 
control value was set as 1.0. All values are expressed as means ± S.E.M. *P<0.05, **P<0.01 
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Activation of NF-kB and production of TNF-a in 
Rib-treated astrocytoma cells. Accumulating evidence 
supports that binding of ligands to RAGE results in a cellular 
inflammatory response by activation of the transcription 
factor NF-k:B and subsequent stimulation of NF-K:B-regulated 
cytokines release. ^^'^"^ Therefore, the stimulation of RAGE 
expression in astrocytoma cells caused by ribosylation- 
induced AGEs may stimulate astrocyte inflammatory 
responses. To test this hypothesis, we measured the level 
of total NF-k:B p65 and phosphorylated NF-zcB p65 at Ser536 
(P-NF-k:B), and also the production of TNF-a in the Rib- 
treated astrocytoma cells. During the 2-day treatment with 



20 mM Rib, the level of NF-k:B p65 and TNF-a of both cells 
got higher and the increase was observed markedly at 48 h 
(Supplementary Figures 1 and 2). NF-k:B p65 of the cells was 
markedly activated when treated with Rib at concentration of 
10mM or higher (Figures 2a-d). Furthermore, the levels of 
both precursor TNF-a in cell extracts and mature TNF-a 
secreted into culture medium increased in the presence of 
Rib (Figures 2a, b, e and f). However, NF-k:B p65 activation 
and TNF-a upregulation were barely detectable in Glc 
groups. These results demonstrate that ribosylation pro- 
duces AGEs, followed by RAGE elevation, leading to 
inflammatory activation with the astrocytoma cells. 
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Figure 2 Upregulation of p-NF-K;B, TNF-a and GFAP in Rib-treated astrocytoma cells. U251 cells (panel a), and U87MG cells (panel b) were treated with different 
concentrations of Rib and 20 mM Glc as indicated for 2 days. Untreated cells were used as controls. The total and phosphorylated level of NF-zcB p65, precursor TNF-a in cell 
extracts and mature TNF-a secreted into culture medium and the expression of GFAP were estimated using antibodies as indicated. j6-Actin was used as a loading control 
except that NF-zcB p65 activation in each sample was expressed as the ratio of phosphor-NF-zcB p65 level to total NF-k:B p65 level. Quantification results were shown in panels 
c-h, respectively. The control value was set as 1.0. All values are expressed as means ± S.E.M. *P<0.05, **P<0.01 
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Increase of GFAP in Rib-treated astrocytoma cells. 

Proinflammatory cytokines induce astrocyte activation, which 
is characterized by hypertrophy of astrocytes with increased 
expression of GFAP J ^ Although some reports argue that 
U87MG cells are lack of GFAP expression,''^ there are quite 
a lot researches confirming that GFAP is expressed in 
U87MG cell lines. Endogenous GFAP is commonly used as a 
biochemical marker of U87MG differentiation.''^"''^ We found 
that the amount of GFAP increased in both of the 
astrocytoma cells treated with Rib (Figures 2a and b). 



The increase became significant when the Rib concentration 
was 10mM or higher (Figures 2g and h). 

To further confirm the activated status of Rib-treated 
astrocytoma cells, immunofluorescent staining was performed 
in the 20 mM Rib-treated astrocytoma cells. Compared with 
untreated control, cellular GFAP expression level (GFAP 
fluorescence intensity) increased remarkably in the two 
Rib-treated U251 and U87MG cells (Figures 3b and c). 
When treated with 20 mM Rib for 2 days, they both showed a 
higher GFAP immunoreactivity compared with untreated 
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Figure 3 GFAP immunofluorescence staining on Rib-treated astrocytoma cells. U251 and U87MG cells (a) were treated with 20 mM Rib for 2 days. Untreated cells were 
used as controls. The distribution of GFAP was detected by immunofluorescent staining using an anti-GFAP antibody. Cell nuclei were stained with the DNA-specific 
fluorescent reagent Hoechst 33258. Quantification results were shown in b and c, respectively. The control value was set as 1 .0. All values are expressed as means ± S.E.M. 
*P<0.05, **P<0.01 
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control as shown in Figure 3a. These data suggest that AGEs 
resulted from ribosylation are able to stimulate astrocyte 
activation. 

RAGE is required for ribosylation-induced upregulation 
of p-NF-kB, TNF-a and GFAP. To determine whether 
RAGE is required for ribosylation-induced inflammatory 
response and astrocyte activation, a siRNA targeting against 
RAGE was used to knockdown the expression of RAGE in 
U251 and U87MG cells. Cellular RAGE expression was 



significantly decreased by the RAGE-specific siRNA com- 
pared with those treated with the control siRNA 
(Supplementary Fig. 3). After transfection with RAGE/control 
SiRNA for 24 h, U251 and U87MG cells were treated with 
20 mM Rib for 2 days, then the expression levels of relative 
p-NF-K:B, TNF-a and GFAP were analyzed by western 
blotting (Figure 4a). As shown in Figures 4c-l, downregula- 
tion of RAGE expression in both cell lines by the specific 
siRNA can decline NF-k:B activation, TNF-a and GFAP 
elevation caused by Rib treatment. 



a U251 

Mock + 

sIRNA - + 

Rib (mM) - 20 

P-NF-kB mmm 



U87MG 



20 



+ 

20 20 



Precursor 
TNF-a 

Secreted 
TNF-a 

GFAP 
P-actin 



Control 
anti-RAGE 
Rib (mM) 

P-NF-kB 

Precursor 
TNF-a 

Secreted 
TNF-a 

GFAP 

(3-actin 



U251 

+ + - 
20 20 



U87MG 

+ + - 
20 20 



Mock + - + 

SiRNA - + 
Rib(mM) - 20 20 



Z 1.5- 

Q. 

I 1.0- 

§ 0.5- 

0.0- 
Mock 
SiRNA 
Rib (mlVI) 



20 20 





Rib (mlVI) 



Control + 
Anti-RAGE 
Rib (mM) 



Control + 
+ - Anti-RAGE 

20 20 Rib(mM) 



3 

Q. 
< 

O 2 



0 

Mock 
SiRNA 
Rib (mM) 



O 2 



Mock 
SiRNA 
Rib (mM) 



m 




m 20 



0.0 
Control 
Anti-RAGE 
Rib (mM) 



n 25 



0.5 

0.0 
Control 
Anti-RAGE 
Rib (mM) 



## 



Figure 4 RAGE is required for upregulation of p-NF-K:B, TNF-a, and GFAP in Rib-treated astrocytoma cells. U251 and U87MG cells were transfected with RAGE siRNA or 
control siRNA for 24 h and then treated with 20 mM Rib for 2 days. After Rib treatment, the expression levels of p-NF-K:B, NF-k;B, TNF-a, and GFAP were estimated by western 
blotting (a). Cells only transfected with control siRNA were used as negative controls and quantification results are shown in panels c, d, g, h, k and I, respectively. For blocking 
AGE binding to RAGE, U251 and U87MG cells were pre-incubated with anti-RAGE IgG (1 /^g/ml). The expression of p-NF-K:B, NF-k:B, TNF-a, and GFAP of the blocked cells 
treated with 20 mM Rib for 2 days was analyzed (b). Untreated cells were used as controls. Quantification results were shown in panels e, f, i, j, m and n, respectively. j6-Actin 
was used as a loading control except that NF-k:B p65 activation in each sample was expressed as the ratio of phosphor-NF-K;B p65 level to total NF-zcB p65 level. The control 
value was set as 1.0. All values are expressed as means ± S.E.M. *P<0.05 and **P<0.01 versus control group. *P<0.05 and **P<0.01 versus Rib group 
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We next clarified wlietlier the association of RAGE with its 
ligands was involved in the upregulation of p-NF-K:B, TNF-a 
and GFAP in Rib-treated astrocytoma cells. To block RAGE 
binding to ligands, cells were pre-incubated with a neutralizing 
anti-RAGE antibody and then incubated with 20 mM Rib 
(Figure 4b). As shown in Figures 4e-n, blocking ligand-RAGE 
binding prevented the increase of p-NF-K:B, precursor TNF-a 
and mature TNF-a induced by Rib treatment. Moreover, the 
blockade of RAGE also inhibited ribosylation-induced GFAP 
elevation. These results suggest that RAGE is involved in the 
inflammatory response and astrocyte activation of Rib-treated 
astrocytoma cells. 

Rib-induced elevation of AGEs in mouse serum and 
brain. To investigate Rib-induced ribosylation in vivo, 
G57BL/6J mice were injected intraperitoneally with different 
concentrations of Rib for 10 days, and the levels of glycated 
serum proteins were determined. Compared with saline 
control, the increase in glycated serum proteins became 



significant when mice were injected with Rib at 0.8g/kg or 
higher (Table 1). We also measured changes in serum AGE 
formation in mice treated with different concentrations of Rib. 
Rib-injected mouse serum AGEs were markedly elevated at 
concentrations of 1 .6 and 3.2 g/kg (Figures 5a and b). Similar 
results were also observed when serum pentosidine as 
another marker was determined (Figure 5c). 

Agnew and Crone have studied the permeability of 
hexoses and pentoses through the capillaries of the rabbit 
brain. Their results indicate that Rib can pass through the 
blood-brain barrier and enter the brain tissue by simple 
diffusion; hence Rib may glycate brain proteins. We 
measured AGEs in the mouse brain with western blotting. 
As shown in Figure 5d, intraperitoneal injection of Rib for 10 
days led to an increase of AGE formation in the mouse brain 
compared with saline as control. These results demonstrate 
that Rib elevates the glycation of proteins, resulting in 
acceleration of AGE formation both in the mouse brain and 
circulatory system. 



Table 1 Concentrations of glycated serum protein 



Treatment 



Glycated serum protein (mM) 



0.4 g/kg Rib 
0.8 g/kg Rib 
1.6 g/kg Rib 
3.2 g/kg Rib 
Control 



5.32 ±0.22 
6.57 ±0.37 
7.62 ±0.67* 
9.32 ±0.68* 
5.79 ±0.44 



Mice were injected witli Rib as indicated for 10 days and serum was taken for 
assays of glycated serum protein. All values are expressed as means ± S.E.M. 
*P<0.05, **P<0.01 



Upregulation of RAGE, p-NF-icB, TNF-a and GFAP in the 
brain of mice injected witli Rib. We next examined 
whether the elevation of brain AGEs caused by Rib injection 
altered RAGE levels and inflammatory response. Western 
blot analysis revealed that RAGE levels increased in Rib- 
treated mouse brains in parallel with the increase in AGE 
formation (Figures 5e and f). These data indicate that Rib- 
induced AGE accumulation can upregulate the multi-ligand 
receptor RAGE in the mouse brain. 

Then we determined the change of p-NF-k:B/NF-k:B ratio, 
TNF-a and GFAP in the brain of Rib-injected mice by western 
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Figure 5 Intraperitoneal injection of Rib elevates the AGE, RAGE level and production of p-NF-zcB, TNF-a, and GFAP in mouse serum and brain. Mice were injected 
intraperitoneally with Rib in different doses as indicated each day for 10 days. Serum AGEs were detected by western blotting with an anti-AGEs 6D12 monoclonal antibody 
and an anti-pentosidine monoclonal antibody. Serum albumin level was used as a loading control (a). AGE (a), p-NF-K;B, TNF-a, and GFAP level (panel e) of mouse brain were 
probed by corresponding antibodies. j6-Actin was used as a loading control. Quantification results were shown in b-d and f-i, respectively. j6-Actin was used as a loading 
control except that NF-zcB p65 activation in each sample was expressed as the ratio of phosphor-NF-K:B p65 level to total NF-k;B p65 level. The saline control value was set as 
1.0. All values are expressed as means ± S.E.M. *P<0.05, **P<0.01 
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blotting. As shown in Figures 5e, g and h, the levels of 
P-NF-k;B/NF-k;B and TNF-a increased in according with Rib 
concentration. Similarly, GFAP, the protein closely related to 
astrocyte activation, also increased significantly in the brain of 
mice treated with Rib at 0.8g/kg or higher (Figure 5i). These 
results suggest that Rib-induced RAGE elevation may result 
in inflammatory response and astrocyte activation in the 
mouse brain. 

Astrocyte activation in tlie liippocampus of Rib-injected 
mice. To examine for alterations in astrocytes in brains 
of Rib-injected mice, the morphology of astrocytes was 
evaluated using GFAP immunohistochemistry. As shown in 
Figure 6, GFAP immunostaining revealed an extensive 
activation of astrocytes in the hippocampus of mice injected 
with Rib for 10 days. In saline control, GFAP staining was 
diffusely low as seen with both low- and high-magnification 
views (Figures 6a, d, g and j). GFAP immunostaining was 
slightly enhanced by Rib at 0.8g/kg (Figures 6b, e, h and k). 
When the injected Rib concentration was up to 3.2g/kg 
(Figures 6c, f, i and I), a pronounced increase in the 
GFAP signal was observed in all hippocampal regions 
(Figure 6m). GFAP-positive cells exhibited markedly 
enlarged cell bodies and thickened processes, typical 
features of an activated phenotype. These results demon- 
strate that intraperitoneal injection of Rib can activate 
astrocytes in mouse hippocampus. 

Impairment of spatial learning and memory in 
Rib-injected mice. Smith and colleagues have studied the 
relationship between advanced Maillard reaction end 
products and Alzheimer's disease pathology. They found 
that AGEs increase in the neurofibrillary tangles and senile 
plaques in brain tissue from patients with Alzheimer's 
disease.^'' AGEs are also co-localized with astrocytes and 
microglial cells in Alzheimer's disease brain.^^ We therefore 
tested the behavior of Rib-treated mice in the Morris water 
maze to assess spatial learning and memory. Before the 
Morris water maze test, the weights of mice and the strength 
of mice muscle were measured to make sure there were no 
remarkable physical differences between Rib-injected groups 
and control ones (Supplementary Figures 4A and B). An 
open field test was also performed. As shown in 
Supplementary Figures 4C-E, no significant differences in 
velocity, travel distance and time spent in center could be 
observed among the mice of all the groups (P>0.05, n=^2). 
The degree of Rib-induced spatial learning and memory 
impairment differed according to the concentrations as 
indicated in Figure 7. During the training session, all mice 
improved their performance as indicated by shortened 
escape latencies over successive days. Escape latencies 
of mice injected with Rib (0.4, 0.8 and 1.6g/kg) were not 
significantly different compared with the control group. 
However, the escape latencies of mice injected with Rib at 
concentration of 3.2 g/kg were significantly higher than that of 
control mice on day 8 (Figure 7a). During the probe trial, mice 
treated with Rib at different concentrations decreased in the 
percentages of searching time and distance in target 
quadrant. Compared with the control group, mice treated 
with Rib at the concentrations of 1.6 and 3.2 g/kg showed 



significant less time and distance in target quadrant 
(Figure 7b). However, all groups of mice showed no 
significant differences in visual platform testing (Figure 7c, 
P>0.05, n=^2). These results indicate that spatial 
learning and memory ability of Rib-treated mice are 
impaired, especially the mice treated with high concentra- 
tions of Rib. 

Discussion 

D-ribose, a naturally occurring sugar, is found in all cell types 
and participates in numerous processes, especially those 
related with energy production. Rib can be obtained from the 
diet, especially from foods containing high amounts of 
riboflavin, such as yeast extract, liver, wheat bran, eggs, 
meat, cheese, and milk.^^"^^ Rib is also ingested as a 
supplement for cardiac energetic metabolism for instance the 
patients with stable coronary artery disease as the sugar 
provides the structural foundation for ATP.^^'^^ However, as a 
reducing saccharide with an active aldehyde group in the open 
chain form. Rib can react with amino groups to initiate protein 
glycation rapidly. In recent years, ribosylation has attracted 
more attention due to its role in protein glycation and its 
subsequent effects such as protein aggregation and cellular 
dysfunction. Currently, it has been found that the levels of uric 
Rib of type 2 diabetics are significantly higher than those of 
age-matched normal control."^ This work demonstrated that 
mouse spatial cognitive impairment is caused by Rib-derived 
AGEs, which is correlated with activation of an astrocyte- 
mediated, RAGE-dependent inflammatory response. More- 
over, diabetic encephalopathy, whose relationship with 
increased incidence of dementia has been established, is 
proved to be the most relevant risk factor for cognitive 
dysfunction.^^~^° Therefore, these results may provide insights 
into the mechanism of Rib-involved cognitive impairments 
and diabetic encephalopathy. 

Previous studies from our laboratory have demonstrated 
that in vitro glycation of bovine serum albumin, neuronal Tau 
and a-synuclein with Rib are much faster than with Glc^~^ and 
that Rib treatment promotes AGE production in HEK293T and 
SH-SY5Y cells.''° In this study, we confirmed the quick AGE 
formation effect of Rib in U251 and U87MG cells. These data 
demonstrate that Rib induces protein glycation and enhances 
the yield of AGEs in different types of cells. Furthermore, our 
recent data have shown that injection of Rib for 30 days leads 
to a significant higher level of AGEs in mouse serum and 
brain; in addition, according to results from the present work, 
administration with Rib for a shorter period (10 days) 
increased protein glycation in mouse serum and elevated 
the level of AGEs in the mouse brain. In contrast, Glc does not 
produce a significant glycation effect in vitro and in vivo under 
the same experimental conditions.^ ^ These data together 
provide evidence that Rib is an efficient glycator that actively 
participates in protein glycation and AGE formation both 
inside (endogenous glycation) and outside the body (exogen- 
ous glycation). 

AGEs have an important role in the pathogenesis 
of some chronic diseases by a receptor-mediated 
mechanism. The well-characterized receptor for AGEs, 
known as RAGE, is present in a variety of cells, including 
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Figure 6 Astrocyte activation in tine hippocampus of Rib-injected mice. Mice treated with saline (a, d, g, and j), Rib at 0.8 g/kg (b, e, h, and k) and at 3.2 g/kg (c, f, i, and I) 
for 10 days, and the brain slices including hippocampal formation were prepared as described in Materials and Methods and reactive astrocytes were analyzed using an 
anti-GFAP antibody. Reactive astrocytes were significantly increased in the hippocampal area, and immunohistochemistry shows distribution of the increased reactive 
astrocytes in the CA1 (d, e and f), CA2 (g, h and i) and CAS (j, k and I) regions. GFAP immunohistochemistry stained with hematoxylin counterstaining. Quantification results 
were shown in m. The control value was set as 1.0. All values are expressed as means ± S.E.M. **P<0.01 



astrocytes. Here, we found that treatment with Rib 
elevated the RAGE expression in astrocytoma cells, and 
the elevation in the expression of RAGE correlated with the 
elevation of cellular AGE level. In addition, pre-incubating 
Rib with bovine serum albumin in vitro also induced 
AGE-mediated upregulation of RAGE in astrocytoma cells. 



and this effect occurred sooner than treating with Rib alone 
(Supplementary Figure 5). 

RAGE is expressed in many tissues including the brain. 
Except for skin and lung, most tissues do not express large 
amounts of RAGE under physiological conditions, but in the 
course of some chronic disorders, RAGE expression is 
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Figure 7 Decline in tlie performance of mice injected with Rib in tine Morris 
water maze test. Conditions for the injection of Rib at different doses were the same 
as those given in Figure 5. The length of time mice took to find the hidden platform 
was recorded as latency of escape during each of the eight training days (a). 
The percent of the searching time and distance spent in the quadrant where the 
platform was removed during the probe trial is shown in b. A visual platform test was 
also performed, and the length of time mice took to find the platform was 
recorded as latency of escape (c). All values are expressed as means ± S.E.M. 
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elevated when either ligands accumulate and/or transcription 
factors regulating RAGE are activated. ""^'^^ However, in the 
present study, the RAGE level in the brains of Rib-treated 
mice increased significantly and coincidently with the change 
of brain AGE formation. These data along with the results from 
cultured astrocytoma cells treated with Rib indicate that 
similar to those generated spontaneously under physiological 



or pathological conditions, AGEs resulting from ribosylation 
can also upregulate the RAGE expression. 

As an important signal transduction receptor, RAGE can 
activate an array of signal transduction cascades, including 
activation of the proinflammatory transcription factor NF-k;B 
and subsequent expression of genes regulated by NF-k:B.'"^'^^ 
According to the present study, results from the Rib-treated 
astrocytoma cells and Rib-injected mice suggest that ribosy- 
lation induced RAGE upregulation and NF-zcB activation both 
in vitro and in vivo. The NF-zcB activation in this study was 
confirmed by the increased ratio of phosphor-NF-K:B p65 level 
to total NF-k:B p65 level. NF-k:B p65 (also known as Rel A) is 
one of the predominant components of NF-K:B-heterodimer 
p65/p50.^'^ New synthesis of phosphorylated NF-k;B p65 itself 
generates an excess of transcriptionally activated NF-/cB 
p65.^^ Meanwhile, the activated NF-k;B migrates into the 
nucleus, binds to specific NF-k;B response elements in the 
promoters of target genes, such as TNF-a, to induce TNF-a 



transcription. 



36,37 



Here we found that, after Rib treatment. 



TNF-a in astrocytoma cells and in the mouse brain was 
upregulated parallel with the upregulation of NF-/cB activation. 
In addition, one consequence of NF-k:B activation is the 
upregulation of RAGE, as the RAGE promoter itself contains 
two functional NF-K:B-binding sites.^^'^^ Therefore, RAGE- 
dependent NF-k:B activation described here results in TNF-a 
release and RAGE upregulation, which, in turn, could 
contribute to ensuring the maintenance and amplification of 
sustained NF-k:B activation. 

Astrocytes are reported to be highly responsive to the 
proinflammatory cytokine TNF-a and to have an important role 
in maintaining normal homeostasis as well as regulating 
inflammatory responses in the CNS. Many neurological 
conditions are accompanied by reactive changes in astro- 
cytes, which are characterized by an increase in the cellular 
expression of the astrocyte-specific protein GEAR. In the 
present study, we found that GEAR expression was increased 
in the Rib-treated astrocytoma cells and in the brains of Rib- 
treated mice. Immunohistochemistry also showed an exten- 
sive activation of astrocytes in the hippocampus of the mice 
injected with Rib. Furthermore, the ribosylation-induced 
upregulation of p-NF-K:B p65, TNF-a and GEAR were 
attenuated when RAGE expression or ligand-binding level 
was interrupted. These results suggest that AGEs generated 
by ribosylation can act on astrocytes manifesting as RAGE- 
dependent NF-k:B activation and astrocyte activation. 

The spatial learning and memory ability of Rib-treated mice 
were impaired, especially in the mice treated with higher 
concentrations of Rib. AGEs can inhibit cell proliferation and 
are directly neurotoxic to cultured neurons.'^^ '^'' According to 
previous studies from our laboratory, ribosylation promotes 
proteins to form aggregation, generates cytotoxic AGEs, 
decreases cell viability of HEK293T and SH-SY5Y cells, and 
thus might result in direct damage to the nervous system. In 
contrast, astrocyte activation is implicated as a critical 
mechanism responsible for the pathogenesis and the pro- 
gressive nature of neurodegenerative diseases."^^ A number 
of studies have demonstrated that patients with dementia 
have increased GSF levels of GFAP."*^ Immunohistochemical 
studies have shown that in the brain of Alzheimer's disease 
patients, most of the extra-perikaryal AGE deposits are 
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co-localized with GFAP-positive reactive astrocytes. 
Moreover, astrocyte activation leads to the production of 
cytotoxic cytokine-like molecules that may induce further 
neuronal cell injury and death resulting in dysfunction of the 
brain."^"^ Clinical studies have demonstrated that abnormal 
levels of proinflammatory cytokines such as TNF-a are 
associated with memory decline. Hence, the clinical 
evidence along with the results of the present study reveals 
a potential role of astrocytes in the pathological mechanism 
underlying the relation between AGE accumulation and 
cognitive decline, that is, accumulated AGEs act on 
astrocytes and result in spatial cognitive impairment via 
RAGE-dependent inflammatory response and astrocyte 
activation. 

In summary, we have shown that Rib rapidly reacts with 
proteins and produces AGEs in astrocytoma cells. The 
increase in RAGE expression is correlated with the ribosyla- 
tion-induced AGE elevation both in astrocytoma cells and in 
the mouse brain, resulting in RAGE-dependent NF-k:B 
activation and astrocyte activation and subsequent impair- 
ment of spatial learning and memory ability. These data imply 
a possible involvement of glycation induced by Rib in the 
pathological mechanism of diseases with cognitive impair- 
ment, in particular of diabetic encephalopathy. 

Materials and Methods 

Ethics statement. The handling of mice and experimental procedures were 
approved by the Animal Welfare and Research Ethics Committee of the Institute of 
Biophysics, Chinese Academy of Sciences (Permit Number: SYXK2010-128). 

Cell culture and treatments. Human astrocytoma cell lines U251 and 
U87MG were from the Cell Resource Center (IBMS, CAMS/PUMC, China). 
The cells were cultured in Eagle's Minimum Essential Medium (Hyclone, Logan, 
UT, USA) supplemented with 100IU/ml penicillin and lOO/^g/ml streptomycin 
(Gibco, Big Cabin, OK, USA) at 37 °C in a humidified 5% CO2 incubator as 
described."^^ The medium contained 10% fetal bovine serum (Gibco) with the 
U87MG media further supplemented with 1% non-essential amino acids (Hyclone). 
For all experiments, the culture medium was replaced with serum-free medium 
before various treatments. Cells were treated with Rib (Amresco, Solon, OH, USA) 
at concentrations of 5, 10 and 20 or 20 mM Glc (Sigma, St. Louis, MO, USA) for 
48 h. Cells were then collected to prepare cellular extracts for western blotting, and 
the culture medium was centrifuged for detecting secreted TNF-a. 

To verify the involvement of RAGE, astrocytoma cells were treated with a 
RAGE-specific siRNA to reduce RAGE expression. The target siRNA for RAGE 
(sc-36374) and a negative-control siRNA (sc-37007) with an irrelevant sequence 
were obtained from Santa Cruz Biotechnology (Santa Cruz, Dallas, TX, USA). Cells 
were grown to 60-80% confluence and then transfected with the siRNA duplex 
(30 nM) using siRNA transfection reagent (Santa Cruz), according to the 
manufacturer's instructions. The transfected cells were then treated with 20 mM 
Rib for 2 days. Expression of RAGE, phosphor-NF-zcB p65, NF-k:B p65, TNF-a and 
GFAP were determined by western blotting. 

To test the necessity of the AGE-RAGE binding for inflammatory response 
induced by ribosylation, astrocytoma cells of 80% confluence were pre-incubated 
with anti-RAGE IgG (1 /ig/ml, Santa Cruz) for 1 h to block the binding of RAGE, and 
then treated with 20 mM Rib for 48 h before subsequent biochemical assays. 

Rib administration. Male C57BL/6J mice (8-10 weeks) were from Vital River 
Laboratory Animal Technology (Beijing, China). After 1 week of acclimatization to 
the cages, mice were randomly divided into five groups and received daily 
intraperitoneal injections for 10 days with different doses of Rib (0.4, 0.8, 1.6 and 
3.2g/kg, respectively), and control group were injected with 0.9% saline. All mice 
were maintained in animal facilities under pathogen-free conditions. 

Open field test. After injections, mice were first subjected to an open field 
test. The apparatus consisted of a 50 x 50 cm open arena with 40 cm high walls. 



The entire test arena was adjusted to even illumination. Mice were placed in the 
center of the arena, and their activity was recorded for 5 min. For analysis, a 4 x 4 
grid was placed over the video, and the centre square was defined as the central 
zone. The average velocity and total distance traveled were used as measures of 
overall motor activity. The time mice traveled in the central zone were also 
quantified. 

Morris water maze test. The Morris water maze test was performed as 
described previously.^^ The experimental apparatus consisted of a circular water 
tank (120 cm in diameter, 35 cm in height), containing water (23 ± 1 °C) to a depth 
of 15.5 cm, which was rendered opaque by adding white food dye. A platform 
(4.5 cm in diameter, 14.5 cm in height) was submerged 1cm below the water 
surface and placed at the midpoint of one quadrant. The water tank was located in 
a test room, which contained various prominent visual cues. Each mouse received 
three periods of training per day for eight consecutive days. Latency to escape 
from the water maze (finding the submerged escape platform) was calculated for 
each trial. On day 9, the probe test was carried out by removing the platform and 
allowing each mouse to swim freely for 60 s. The time and distance that mice 
spent swimming in the target quadrant (where the platform had been located 
during hidden platform training) were measured. After the probe test, a visual 
platform was put in the opposite position of the place where the submerged 
platform was placed. Each mouse received three periods of training per day for 
four consecutive days. Latency to escape from the water maze (finding the visual 
platform) was calculated for each trial. All data were recorded with a computerized 
video system. 

Animal sample collection. After 10 days injection, mice were killed 
and their blood was collected as described previously^^ and centrifuged 
(2000 X g, 20 min, 4°C). Serum was aspirated and used for assay of glycated 
serum proteins using a kit obtained from the Nanjing Jiancheng Bioengineering 
Institute (China) according to the manufacturer's guidelines.'^^ At the same time, 
brains were removed and total protein was extracted for western blotting 
using protein extraction kit (Beyotime, Nantong, China) according to the 
manufacturer's instruction 

Gel electrophoresis and western blotting. The level of AGEs in 
cultured cells, brain tissues, and mice sera were determined by western blotting. 
The same method was used to analyze the expression of RAGE, p-NF-K:B, 
NF-k:B, TNF-a, and GFAP in cells and brains of mice treated with Rib at different 
concentrations. Sample protein concentrations were quantified with the BCA 
Protein Assay Kit (Pierce, Rockford, IL, USA). Equivalent amounts of protein 
(20-30 fig) were resolved on 15% SDS-PAGE gels and transferred to 
nitrocellulose membranes. Membranes were then incubated, respectively, with 
anti-AGE 6D12 monoclonal antibody (TransGenic, Kobe, Japan), anti-pentosidine 
PEN12 monoclonal antibody (TransGenic), anti-RAGE H-300 rabbit polyclonal 
antibody (Santa Cruz), phosphor-NF-K:B p65 (Ser536) 93H1 polyclonal antibody 
(CST, Danvers, MA, USA), NF-/cB p65 E498 polyclonal antibody (CST), TNF-a 
polyclonal antibody (CST), anti-GFAP GA5 monoclonal antibody (CST) or anti-j6 
actin monoclonal antibody (Sigma) overnight at 4°C. Each membrane was 
washed three times with PBS with 0.1% (v/v) Tween-20 (PBST, pH 7.4), then 
incubated with horseradish peroxidase-conjugated anti-mouse IgG at 37 °C for 
1 h. The membranes were again washed three times with PBST, and then 
immunoreactive bands were visualized using enhanced chemiluminescence 
detection reagents (Applygen, Beijing, China). The protein bands were visualized 
after exposure of the membranes to Kodak X-ray film and quantified by Quantity 
One ID analysis software 4.5.2 (Bio-Rad, Hercules, CA, USA). 

GFAP immunofluorescence staining and immunohistochemistry 
staining. Cellular GFAP immunocytofluorescence staining was performed as 
described.^° Two days after treatment with Rib, cells were fixed with 3% 
paraformaldehyde in PBS for 30 min and permeabilized with 0.1% Nonidet P-40 in 
PBS for 10 min. After incubation in 10% normal goat serum in PBS at 37 °C for 
60 min, cells were labeled with an anti-GFAP antibody diluted in PBS overnight at 
4°C. Cover slips were then rinsed with PBS and subsequently incubated with 
Alexa 488-conjugated anti-mouse IgG (Invitrogen, Carlsbad, CA, USA) for 2h. 
Pictures were taken with an Olympus FV1000 laser scanning confocal microscope 
(Olympus, Tokyo, Japan). Hippocampal GFAP immunohistochemistry staining was 
performed as described.^^ Mouse brains were immersed in 4% paraformaldehyde 
for 48 h immediately after they were dissected out. After fixation, brains were 
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embedded in paraffin blocks. Five-micrometer thicl< sections were processed for 
immunohistochemical analyses. Deparaffinized and hydrated sections were 
incubated in Target Retrieval Solution at 95 °C for 30 min for enhancement of 
immunoreactivity and then permeabilized with 0.3% H2O2 in absolute methanol for 
10 min to block endogenous peroxidase and incubated in 10% normal goat serum 
in PBS at room temperature for 30 min. The specimens were incubated overnight 
at 4°C in anti-GFAP antibody solution diluted in PBS. After washing with PBS, 
sections were incubated with biotin-labeled secondary antibodies (37 °C, 1 h). 
The immunoreaction was detected using horseradish peroxidase-labeled 
antibodies (37 °C, 1 h) and red staining was visualized with an AEC system 
(Zhongshan Goldenbridge Biotechnology, Beijing, China). Slides were lightly 
stained with Harris' hematoxylin and mounted with GVA aqueous mounting 
medium (Zhongshan Goldenbridge Biotechnology) for observation by light 
microscopy (Nikon Optical, Tokyo, Japan). 

Data analysis. All values reported are means ±S.E. unless otherwise 
indicated. Data analysis was performed by one-way analysis of variance (ANOVA) 
using Origin 7.0 statistical software. Differences with a probability level of 95% 
(P<0.05) were considered significant. 
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